Suction pile anchors are large cylindrical (inverted bucket type structure) open at the bottom and closed at the top and largely used for mooring of offshore platforms, exploratory vessels etc. Prediction of the mooring capacity of suction piles is a critical issue faced by the design engineers and rational methods are required to produce reliable designs. Tests have been conducted in an existing natural pond within NIOT campus with the objective of developing methodology of deployment, design and logistics for suction pile installation and testing of mooring capacity under static pullout. Small size suction piles with varying diameters and lengths have been used in the tests. The tests have been carried out in the natural pond with constant water depth of 1.5 m with the top 1.5 m layer of bed comprising soft marine clay. It is found that pile geometry, aspect ratio and angle of pullout have a significant influence on the response to pullout. As angle of mooring load application changes from vertical to horizontal the reaction offered by the suction pile changes from skin friction to passive soil resistance. Resistance offered by the internal plug of soil is found to vary according to dimension of the anchor piles.
INTRODUCTION
Offshore moorings for barges/floating production units and exploratory platforms require temporary foundations/anchors in water depths exceeding 1000 m for stable operations. Suction piles are feasible and preferred solution in such large water depths and find widespread applications in the offshore oil industry in the North Sea, Gulf of Mexico, Norwegian Sea, Brazil, West Africa, etc. Suction caissons/piles or suction anchors are large cylindrical (inverted bucket type structure) open at the bottom and closed at the top. The caissons are being increasingly used for offshore foundations in deep waters (>1000 m water depths). When installed the top of caisson is flush with the seabed. The foundation capacity is provided by the resistance to uplift (skin friction). Installation of suction caissons involves two steps; (i) penetration under self-weight and (ii) penetration using suction pressure (which creates a differential pressure within the caisson thereby enabling penetration. Advantages of suction piles over other anchoring methods are that these can be accurately located with accommodation of complex mooring line arrangements. It is possible to relocate the suction pile by reversing the installation procedure. The geometry, aspect ratio and installation methods can widely vary as a function of the soil property, mooring/pullout capacity. Presently there are no general rules and regulations specifically for this type of foundations and therefore design methods are based on general soil mechanics and soil modeling techniques. In general it is found that the terms 'suction piles' and 'suction anchors' are interchangeably used. Prediction of the uplift capacity of suction piles is a critical issue faced by design engineers and rational methods are required for producing reliable designs. Extensive theoretical investigations have been carried out for suction piles subjected to vertical or inclined uplift loading for cases where the behaviour of the seabed soil is undrained, partially drained or drained. With respect to analysis of pullout capacity, there are few field and laboratory tests available for calibration of Finite Element results.
NIOT proposes to install an offshore desalination plant in >1000 m water depths and therefore is in the process of developing components for mooring the barge. As part of this project, it is proposed to test a 4.5 m long (L) prototype suction pile of 3.0 m diameter (D) i.e., L/D = 1.5 in offshore regions where soft clays are available. The requirement is to demonstrate the indigenously developed deployment methodology. Once installed the suction pile shall be subjected to mooring load by applying pullout load using ropes. The uplift capacity shall also be checked by reversing the suction pressure (under pressure). A suction pump capable of developing 200 kPa suction pressures and pumping slurry has been specially developed for the purpose of installation. Before undertaking such large scale venture into the offshore areas, it was decided to check the deployment methodology within a natural pond using smaller diameter suction piles. The pullout load application and response of suction pile was also tested These tests give a measure of static response of the suction pile and provides an opportunity to refine the deployment/mooring load application methodology before venturing into offshore testing. It is also possible to check whether the design criteria adopted for suction pile capacity can be verified using field tests.
According to Tjelta (2001) , design methods to predict capacities for suction piles are not standardized to the same extent as for ordinary piles. However, it is possible to design suction piles in a variety of soil conditions using the present knowledge, although combined (horizontal & vertical) capacity prediction is a coupled problem, simple approaches are presently adopted. Cho et al. (2002) have conducted field tests on suction piles to validate results of analytical solution for a small scale suction pile. The field tests were carried out on clay for evaluating the correct suction pressure range, soil strength mobilization upon installation. Laboratory tests on small-scale suction pile installation indicate that the mobilized soil cohesion ratio is a function of the normalized equivalent external pressure. Houlsby et al. (2005) have carried out full scale field and model laboratory tests on suction piles for sands and clays using instrumented piles. The tests have been carried out for installation and vertical and inclined pull out loads. Monajemi and Razak (2009) have carried out 3-D finite element analysis of the suction pile subjected to combined horizontal and vertical loading for two different soil profiles assuming Mohr Coulomb model (Elastic-perfectly plastic model). The position of the center of stiffness has been calculated and discussed for both soil profiles. Luke et al. (2005) conducted laboratory scale model tests for measurement of uplift capacity of suction pile in normally consolidated clay. In all, nine model scale tests were conducted and pull out tests were carried out with and without internal soil plug and the axial uplift capacity was evaluated. Axial capacities were considerably larger when the caisson was sealed during extraction because of the large base resistance due to cohesion and the weight of the interior soil plug, which was pulled out with the caisson. Rao et al. (2006) studied the effect of inclination of the mooring chain. Inclination is found to significantly influence the uplift capacity of the suction pile. As the inclination of load application
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Assessment of feasibility of suction pile/anchor installation and pullout testing through field tests point changes from 0°to 90°, with respect to horizontal, the resistance offered by the suction pile changes from passive earth pressure to skin friction. Bang et al. (2011) developed an analytical solution for estimating the horizontal pullout capacity of embedded suction piles (ESA) in clay with the loading point being anywhere along its length and pile with or without flanges. Results indicate that horizontal pullout capacity increases with depth and decreases as the application point moves downward. It is found that most of the testing is carried out on model piles in the laboratory with pure horizontal or pure vertical pullout loading. For inclined load testing, the rope for applying pullout is kept at the top with an inclination applied at the top and not at 1/3rd of the pile height.
DESCRIPTION OF THE FIELD TESTS
Testing of deployment and pullout were carried out in a natural pond located within the NIOT campus. Water depth in the NIOT test pond was 1.5 m during the test period. A supporting platform was erected to carry out the tests. The suction pile of steel was guided vertically and immersed in water and initially allowed to penetrate under self-weight. Then suction pressure was applied using the submersible suction pump till the pile penetrated completely. After installation of the suction pile, pullout loading was applied at two different angles to simulate the pullout loading applied during mooring of boats and offshore platforms.
Site Description and test set up
Trials have been carried out in the NIOT test pond using suction piles of diameter 0.3 m and 0.5 m by varying the length to diameter (L/D) ratio. The NIOT pond is a natural pond formed from marsh and characterized by soft clay followed by silt with a standing water depth of 1.5 m. Figure 1 provides sketch of the test platform arrangement for carrying out these tests. It consists of a working platform located within a pond. There is an opening at the centre of the platform (moon pool) for lowering the suction pile. This opening helps in guiding the suction pile and application of suction pressure from a submersible suction pump.
A pulley block of 3 ton capacity is mounted on a central girder (ISMB 450) which runs across the moon pool. This pulley block is capable of traversing along the girder so that the location of suction pile can be varied. Another pulley block is mounted on the girder for applying pullout load at two different angles. Figure 2 shows photograph of the test setup when the pile was being lowered during testing along with the arrangements of mooring rope for pullout testing.
Open cuts in the test pond indicated very soft soil clays (SPT (N) < 4) in the top 1.5 m followed by 1.5 m silt (SPT (N) 10 to 15) followed by hard substrata (N > 30).
Undisturbed samples were collected in the pond at the test location. Hydrometer analysis was conducted on the samples. The Plastic Limit was 19.5% and Liquid Limit was 60%. Undrained shear strength of 5.0 kPa was obtained from Unconsolidated Undrained tests. (Figure 3) . The top plate has opening for providing coupling for suction and delivery hoses. An air release vent with a valve is also provided in the top plate. There is a hook for lifting the anchor. An eye/hook called 'pad-eye' is provided at 1/3rd height from the bottom of the anchor for tying the mooring rope which is used for the pullout tests.
Geometry of suction piles

Instrumentation and pump
The electrical and electronics components have to be protected from exposure to seawater and high pressure when operating at underwater during prototype testing at 100-200 m water depth; it has to be accommodated in pressure enclosure. A suction pump of semi positive displacement type with volute
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International Journal of Ocean and Climate Systems Figure 2 . Arrangement for testing in NIOT Pond casing and suction/delivery dimension 65/50 mm has been developed for carrying out the deployment. The pump design is based on soil properties of an offshore location and has been designed for operating up to 300 m water depths. Threaded flanges are provided in the delivery side. "Two pump" portion are provided on either ends of the motor one each for clockwise and anti-clockwise operation. Non-return valves are provided on delivery side for 'pump in' i.e., delivery and 'pump out' i.e., suction operations. Impeller of the pump is of grade FG 200 and wear plate is bronze. Solenoid valves are used for operating the pump in the two opposing directions. Subsurface instrumentation consisted of a real time controller, pressure transducers for measuring suction, delivery and pore pressures, depth sensor and emergency release mechanism to dislodge the pile if and when required. An electro/optic umbilical cable was used for power transmission and communication to operate suction pile remotely. Motor with pump was powered through contactors and solenoid valves were operated to apply suction and provide delivery as required. Underwater cameras, lights and sensors were used to perform underwater operation. An umbilical cable was used to provide power to the pump. There is also an RS232 cable for data transfer in the umbilical using which the solenoid valves were operated to apply suction and provide delivery as required. Figure 3 shows top of the pile with arrangements of the instrumentation and pumping.
Deployment
The anchor is lowered from the platform using a wire rope and guided into the bed vertically to ensure vertical penetration. The initial penetration is obtained by self-weight. When the suction pile is straight, suction pressure is applied from the submersible suction pump to aid penetration. The mooring rope is attached to the side during penetration
Tests were carried out in the NIOT test pond using suction piles of diameter 0.3 m and 0.5 m by varying the aspect ratio (length to diameter (L/D) ratio). The working platform for deployment testing was located within the pond. A suction pump capable of 2 bar suction (differential) was developed for the purpose of installation.
Pullout test
Suction piles when installed in offshore areas are subjected to pull/mooring loads from various angles due to the prevailing hydrodynamics at the site. The angle of pullout/mooring on these anchors can vary from vertical uplift (90°) up to an angle of 20° (to horizontal) due to movement of barges/offshore platforms. In shallow waters, angle of pull out may come up to 15° (to horizontal) but suction piles are not generally used in these areas.
Static load application testing of the suction piles were carried out to determine the response and ultimate capacity of the anchors under two angles of mooring load application. Pullout loads were applied at angles of 20°and 75° to the horizontal till failure. Pullout load was applied 2 days after the installation of anchor so that suction pressure used for installation of the pile causing disturbance to the soil are settled and also the soil regains its shear strength. Initially pullout testing results carried out immediately after installation showed inconsistent results probably to the soil disturbances and prevailing suction pressures within the pile (as the top is closed).
Mooring rope was attached at 1/3rd distance from the bottom of the suction pile and other end is attached to the pullout load application point. A load cell of 1kg least count was kept between the suction pile and application point to measure the ultimate capacity. Figure 1 shows the arrangement of the testing platform for lowering the pile and application of pullout at the two different angles considered. It can be observed that the arrangements are entirely different for the two operations. Initially some of the tests were repeated to check for repeatability of the experiments and consistency of the results.
After the loading was applied using a winch in a controlled manner, the anchor was loaded continuously till the complete contact between anchor and soil was lost. This was indicated in the load cell which recorded reversal in values as the anchor started to displace under load application. The anchor was reinstalled before testing for another angle of pullout. Long term tests (not reported in this paper) indicated that the soil strength was completely regained over a period of 30 days.
RESULTS & DISCUSSION
Pullout loads were measured using a load cell provided between the load application point and the mooring end. Loading was applied continuously at a constant speed using a winch and monitored on the load cell. At ultimate pullout the suction pile does not offer any additional resistance and starts to move thereby resulting in load cell recording reversal values. Results of the pullout tests carried out in the NIOT test pond is given in Table 1 For pullout applied at 20°it can be observed that for a given diameter the ultimate pullout capacity is a function of depth of penetration or embedment (L) of the pile than the diameter of the pile. It can be
168
International Journal of Ocean and Climate Systems 
Depth of penetration (m) Ultimate pullout load (kN))
Field -300 dia Field -500 dia Figure. 4, that for a 500mm diameter suction pile of L/D = 1 (L = 500 mm), the ultimate capacity (4.56 kN) is nearly equal to the ultimate pullout capacity (4.45 kN) offered by a 300 mm diameter pile of L/D = 1.5 with penetration depth of 450 mm. Similarly for L/D = 1.5 for 500 mm diameter pile with depth of penetration L = 750 mm, the ultimate pullout capacity (7.85 kN) is equal to ultimate capacity (7.5 kN) offered by 300mm diameter pile of L/D = 2 with a depth of penetration L = 600 mm. It can be therefore inferred that for a given diameter suction pile, as L/D increases the ultimate capacity increases indicating that depth of embedment or penetration governs the ultimate pullout capacity.
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International Journal of Ocean and Climate Systems It may be noted that for pull applied at 20° the application of load is nearly horizontal. The contribution to pullout resistance is obtained from the sum of net lateral soil resistance (active pressure -passive pressure) and weights of pile and soil plug inside the pile. Therefore deeper depth of embedment shall mobilize higher lateral soil resistance thereby contributing to higher pullout capacity.
Pullout applied at 75°is nearly equal to pull applied in the vertical direction where contribution to pullout resistance is provided by the external skin friction and suction pressure inside the pile as the top remains closed even after installation and stopping of the suction pressure. It is observed from Figure 5 that for a given diameter of pile the pullout resistance initially increases as L/D increases but only to a certain extent beyond which the pullout capacity is found to stabilize. However for pullout applied at 75°i t can be observed from Figure 5 that ultimate pullout capacity is more a function of diameter of the pile as higher diameter (500 mm) pile offers almost double the resistance (3.63 kN) offered by 300 mm diameter pile (1.7 kN) for the same L/D ratio of 1.0. For L/D = 2, the pullout capacity (8.47 kN) offered by 500 mm diameter pile is more than double that of 300 mm diameter pile (2.98 kN). When pulled vertically, the suction pile has to breakout from the suction forces created inside the pile in addition to adhesion on the circumference. The suction forces inside a larger diameter pile shall be higher than a smaller diameter pile due to larger surface area. For 500 mm diameter pile the surface area is 2.8 times higher than that for a 300 mm diameter pile thereby increasing the suction within by 2.8 times the pressure.
The pullout capacity of suction pile is higher for pull applied at 20° than that for 75°. For instance for L/D = 1.5 for 300 mm diameter pile the pullout capacity reduces by 62% for 75°pull, while for 500 mm diameter pile the reduction is 40%. It is observed that the reduction in pullout capacity for 75°p ullout is higher for 300 mm pile than for 500 mm diameter pile of same aspect ratio (L/D = 1.5, 2). This may be attributed to the suction forces being lesser for a 300 mm diameter pile when compared to 500 mm diameter pile due to lower surface area for the 300 mm diameter pile thereby providing lower capacity when a near vertical pull is applied at 75°.
There are very few field tests reported in literature while a large number of laboratory tests are reported. However the laboratory tests are for vertical pullout or inclined pullout applied at the top and none at the pad eye location. While present day practice (Norwegian Geotechnical Institute for example) and commercial application suggest pullout application at 1/3rd distance from the bottom using a pad-eye, such results are not available for comparison.
Alternatively theoretical estimates (using eqn [1]) have been attempted to reasonably predict the ultimate pullout capacity for pull applied at 75°as seen in Figures 7 and 9 for 300 mm and 500 mm diameter pile respectively up to L/D of 2. For pullout at 75°, it is found that the ultimate resistance offered is observed to be the sum of weight of pile, soil plug and water head and external skin friction which matches with the field observations.
( 1) where, P u = Ultimate pullout resistance (kN) W suction pile = Weight of suction pile (kN) W soil plug = Weight soil plug within the suction pile (kN) W water = Weight of water head available above the top of pile (kN)
However beyond L/D = 2 (Figure 7 ) it is observed that this theory is not valid as the pile is likely to undergo rotation under the applied loading over a longer depth of embedment with the pull being applied at 1/3rd from the bottom.
Theoretical estimate (eqn [2]) predicts ultimate pullout capacity for pull applied at 20°as seen in Figure 6 for 300 mm diameter and Figure 8 . The predictions are applicable for L/D ratio upto 2 beyond which the prediction is an underestimate as seen in Figure 6 . This is due to the fact that the pile is likely to undergo rotation in addition to translation when depth of penetration is high and pullout is applied at 1/3rd distance. This aspect is not discussed in this paper. The net soil resistance (active -passive) is found to contribute to the horizontal component. As suction pile was tested for deployment and pullout based on methods suggested in literature, initial tests were carried out in the test pond enabled fixing of issues that may arise during offshore testing. It was found that air release vents were required to release the entrapped air from within the suction pile when it penetrates under self-weight and before applying suction pressure. Ensuring verticality of the suction pile was a major challenge in small size piles when compared to larger diameter suction piles since placing of suction hoses, couplings and instrumentation made it unsymmetrical and heavy for a small size suction pile. Suction pressure differential required for applying suction does not vary according to the pile dimension thereby requiring the same pump and housings for small scale or large scale testing.
CONCLUSIONS
Deployment of suction pile is carried out as proposed in theory initially under its self-weight and later by applying a differential suction pressure. As head of water above the pile was low in these experiments penetration under suction pressure took a longer time. Pullout capacity was tested by applying the load at 1/3rd of the pile height from the bottom which is the centroid of lateral earth pressure diagram, so that rotation of the pile is prevented. It is observed that this assumption is valid up to an L/D ratio of 2 beyond which the pile is observed to rotate and provide increased resistance to pullout. The pullout capacity is found to be a function of the aspect ratio and depth of penetration.
For pullout at 20°, capacities are found to double as L/D ratio increases from 2 to 3. The suction pile offers larger pullout resistance when angle of pull is at 20° than that for pull at 75° due to the mobilization of passive resistance of the soil under near horizontal pullout. Assessment of feasibility of suction pile/anchor installation and pullout testing through field tests
